Recently, environmental problems on climate change and global warming are the main concern due to the higher amount of carbon dioxide (CO ) in the atmosphere. The 2 main sources of CO 2 are flue gas from fossil-fired power plants. Chemical absorption with amine solution is a proven process to capture CO 2 effectively. The commercially used amine solution is monoethanolamine (MEA). However, it still has drawbacks. Consequently, novel chemicals for CO 2 capture have been developed to improve the amine performance. Therefore, the objective of this study is to measure the vapor-liquid equilibrium of CO 2 in a 5M aqueous solution of 2-(Dimethylamino) ethanol (DMAE) used as a new solvent. This work is measured the solubility at CO 2 partial pressures from 5 to 100 kPa and temperature at 303.15, 313.15, 333.15 and 353.15 K with 5 M concentration. The solubility results of CO 2 in aqueous solution of DMAE are compared with that of MEA at the same conditions. The results show that the DMAE has up to 713% higher capacity than that of MEA. This means DMAE can be recovered with less energy and lead to high energy saving for carbon capture process. Also, rate of CO 2 loading change from this study is also measured.
Introduction
Recently, environmental problems on climate change and global warming are the main concern due to the higher amount of carbon dioxide (CO 2 ) in the atmosphere [1] . The main sources of CO 2 are flue gas from fossil-fired power plants. For environment and sustainable development, CO 2 needs to be removed and stored underground. The technology to mitigate CO 2 is carbon capture and storage or CCS [2] . For carbon capture technology, chemical absorption with amine solution is a proven process to capture CO 2 effectively from fossilfired power plants [3] . The commercially used amine solution is monoethanolamine (MEA). However, it still has drawbacks like low capacity, high corrosion rate and high energy requirement [4] . Consequently, novel chemicals for CO 2 capture have been developed to improve the amine performance [3] . Many researchers [3] , [5] , [6] have proposed novel chemicals which are expected to enhance the efficiency on carbon capture. In this study, 2-(Dimethylamino)ethanol (DMAE) has been selected as one of the novel chemicals.
Therefore, the objective of this study is to measure the vapor-liquid equilibrium of CO 2 in a 5M aqueous solution of DMAE and to evaluate the performance of a new solvent by comparing with that of MEA. This work measures the solubility at CO 2 partial pressures from 5 to 100 kPa and temperature at 303.15, 313.15, 333.15 and 353.15 K with 5 M concentration corresponding to the conditions for CO 2 capture from power plant flue gas. The solubility results of CO 2 in aqueous solution of DMAE are compared with that of MEA at the same conditions. Furthermore, the simplified rate of reaction from this study is also measured at different time of reaction.
CO 2 Reaction Mechanism
The principal reactions of CO 2 with amines occurring when solutions of an amine, such as MEA and DMAE, are used to absorb CO 2 may be represented as follows [4] Through these reactions, reaction (5) and (6) are the main absorption reactions. For MEA, reaction (5) 
Experimental Section

Materials and Chemicals
For chemicals, monoethanolamine (MEA) is purchased from Sigma Aldrich with 99% purity. 2-dimethylaminoethanol (DMAE) is purchased from Fluka (98%) and hydrochloric acid (HCl) used for CO 2 loading analysis is obtained from Fisher Scientific (99%). Aqueous solutions of these materials are prepared by using distilled water to the concentration of 5 mol/L of solution. Nitrogen and CO 2 (Praxair Inc.) with purities of 99.5% and 99.9%, respectively are also used in this study. All the materials are used without further purification.
Equipment and Procedure
The schematic diagram of the experiment used in this study is shown in Figure 1 . The experimental apparatus consists of a saturation cell connected with reactor. Both the cell and the reactor are immersed in a constant temperature water bath maintained at the temperatures by using a temperature controller (within the temperature ranging from -40 to 150°C with ± 0.01°C accuracy). The temperature in the system is measured by a J-type thermocouple ranging from -40 to 150°C with a resolution of ± 0.01°F/C and ± 0.03°C accuracy and calibrated with thermometer with a resolution of ± 0.1°F/C and ± 0.5°C accuracy. Flow meters used in this system are electronic Aalborg GFM-17 gas flow meters with ± 0.15% /°C full scale accuracy which is calibrated by a digital flow meter (Agilent Technologies, model ADM-100) ranging from 0.5 mL to 1 L/min with accuracy ±3% of reading.
Firstly, the solution is sent into the system at the required temperature and the gas mixture are introduced to the system at the specified partial pressure and saturated with moisture content in the saturation cell to keep the solution concentration constant. The wetted gas mixture is then bubbled through the test solution and eventually exhausted. The condenser is used to recover moisture in the gas stream before emission. The process is operated under atmospheric pressure.
The process is operated for 10-24 hours to reach equilibrium. Later, the analysis of CO 2 loading is applied by the titration method to the sample taken until CO 2 loading is constant. Final CO 2 loading are the average of the three equilibrium data points. Also, the rate of loading change has been measured by taking samples at different times to investigate the CO 2 transfer rate from gas to liquid and equilibrium of this solution. 
Results and Discussion
Verification of this Study
Verification of the equipment and procedure of this study can be performed by comparing the results of MEA at 5M with the results from literature [7] - [10] . Figure 2 shows the experimental results of MEA at 40C. From the figure, the results of this study compare well with the results from literature over the entire pressure and temperature range. The average and maximum percent absolute deviations between this study and previous work obtained by Shen and Li [8] are 2.75 and 11.05%, respectively. Consequently, it can be concluded that the equipment and procedures for this study can be applied for this solubility study.
Solubility Study
The solubility results of CO 2 in DMAE are illustrated in Figure 3 -5. Figure 3 demonstrates the effects of the temperature ranging from 303.15-353.15K and partial pressure of CO 2 from 5-100 kPa on the solubility of CO 2 in DMEA. It is obvious that solubility decreases with an increase in temperature and solubility increases as partial pressure increases because gas can absorb more at lower temperature and higher partial pressure. Moreover, Figure 4 shows the results of DMAE comparing to that of MEA solution, which is stated in terms of CO 2 loading, at partial pressure from 5 to 100 kPa and at temperature of 313.15K and 353.15K. These temperatures are considered as working temperature for absorption and regeneration, respectively.
According to the Figure 4 , the result shows that at 313.15K and 15 kPa CO 2 partial pressure which is represented the range of flue gas emitted from fossil-fired power plants, DMAE provides a slightly greater CO 2 absorption capacity than that of MEA for 4.3%. On the other hand, at 353.15 K, DMAE provides much lower CO 2 absorption capacity for the whole range of CO 2 partial pressure than those of MEA up to 83%. This means that DMAE can absorb less at regeneration condition. However, at partial pressure lower than 15 kPa, DMAE provides less absorption capacity than MEA especially at higher temperature. Figure 5 presents the cyclic capacity of MEA and DMAE solvents using at 15 and 100 kPa from 303.15-353.15K. The cyclic capacity is the value of the difference of CO 2 loading between the loading at absorption and regeneration conditions. From the results, DMAE provides a much higher cyclic capacity than that of MEA. For the whole CO 2 partial pressure ranging from 5 to 100 kPa, the overall cyclic capacity of DMAE can increase up to 713% (at 100 kPa) compared to that of MEA. From Figure 4 , for partial pressure below 15 kPa, absorption capacities of DMAE are lower for both temperatures but the cyclic capacity is higher (174%). It means that practically, the cyclic capacity is more important than absorption capacity because this leads to the decrease of the liquid circulation rate in the absorption process. Therefore, capital and operating costs for CO 2 absorption can be reduced and carbon capture can be viable. Figure 6 presents the rate of CO 2 loading change for DMAE solution or the apparent CO 2 transfer rate from the gas to liquid phase at 15 kPa and temperature from 303.15K to 353.15K from the beginning to equilibrium. As shown in figure, the CO 2 loading increases with time especially at the first hour of the experiment and becomes constant at a certain level at the equilibrium. Rate of CO 2 loading change at low temperature increases at higher rate compared to that at high temperature because gas can absorb better at low temperature. This rate of loading change can be used to design the absorption column for acid gas removal with various operating conditions. 
Rate of CO 2 Loading Change
Conclusion
In this study, solubility of CO 2 in a 5M aqueous solution of DMAE is measured and compared the results with that of MEA. The conditions of this study are at temperature of 303.15, 313.15, 333.15 and 353.15 K and CO 2 partial pressure ranging from 5 to 100 kPa corresponding to the conditions for CO 2 capture from power plant flue gas. The results show that DMAE is a better solution in terms of solubility because it provides higher both absorption and cyclic capacities than MEA up to 83% and 713%, respectively. This leads to the lower liquid circulation rate and less energy requirement for solution regeneration. Therefore, capital and operating costs for CO 2 absorption can be reduced and carbon capture can be viable. Also, rate of CO 2 loading change from this study is also measured to investigate the change of CO 2 loading and to verify the equilibrium. It can be applied to design the efficient absorption column.
